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PRELIBIMART BVALOiTIOH OP A HEAT PIPE 
HEAT EXCHANGER ON A REGENERATIVE TDRBOFAN 

by 


Gerald A. Kraft 

Lewis Research Center 
Cleveland, Ohio 44135 
Noveaber 1975 


SUHMARY 


A pcelininary evaloation was lade of a regenerative 
turbofan engine using heat pipes for the heat exchanger. The 
heat pipes used sodiuB for the working fluid. The 

effectiveness of the heat exchanger was fixed at 0.70, and 
the turbine-rotor-inlet tenperature and overall pressure 
ratio were varied froa 1480 to 1810K(2bb0 to 3260R) and froB 
6 to 12 respectively. The pressure loss for the heat 
exchanger was assuned to be 3 percent on each side. The 
regenerative turbofan performance was compared to an 
advanced turbofan engine. Both engines had the same type 
two stage fan with a pressure ratio of 2.0 and the same 
bypass ratio. This study made no attempt to optimize the 
bypass ratio due to the nature of the results. 

The uninstalled specific fuel consumption of the 
regenerative turbofan was 3. 3 percent better than the 
reference turbofan. The heat exchanger calculations lead to 
the conclusion that this type of heat exchanger would not 
package within the radius of the low pressure turbine case 
exit plane. The resulting bulge in the core nacelle would 
force the fan nacelle to have a larger diameter resulting in 
a significant drag penalty. The weight of the heat 
exchanger was much greater than the weight saved by the 
lighter compressor and the other innovative component 
arangemeuts assuned in this engine. These weight penalties 
more than offset the better uninstalled performance and 
resulted in at least a 10 percent increase in the fuel used. 

This type of heat exchanger should only be considered 
for applications where weight and size are of secondary 
importance. Ground applications such as power plants, ships, 
trains, and maybe even trucks and cars might be such 
applications. Any further work on heat pipe regenerators for 
flight applications should be limited to either small 
turboshaft engines where the bulge and weight are of little 
consequence or to engines where the core flow is very small 
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entice engine £lo«. Sach an application 
slow flying turboprop. 


relative to the 
■ight be a saall. 


INTRODUCTION 


Since 1960, consiiarable effort has been spent studying 
and developing heat exchangers for turbine engines. These 
efforts were aioed at deternining if a regenerative turbofan 
or turboprop engine was feasible. The Air Force, Aray, 
Navy, NASA, and private industry have all participated in 
this effort at one ti«e or another as noted by references 
1 to 5. One of the relatively successful developaent efforts 
resulted in Allison's T78-A-2 Regenerative Turboprop Engine. 
Probably the aost coaplete general research effort was 
carried out by the Air Force at the tiae the C5-1 nilitary 
airplane was being designed, reference 5. The Air Force 
spent over 8 nillion dollars on the rogenerative turbofan 
effort. There were five engine contractors and three 
airfraae contractors involved at that tiae. 

Three basic types of heat exchangers were exaained in 
the Air force study, gas to gas, gas to liguid, and the 
rotary type. One type not exaained was the heat pipe heat 
exchanger. Nhile studies such as references 4 and 5 were not 
optimistic about the use of regenerators in general and heat 
pipes in particular, it was hoped that recent experience 
with heat pipes in such applications as space satellites 
■ight shed soae new light on the subject. The basic 
advantage of the heat pipe regenerator over other types is 
the rather siaple way the heat exchanger can be laid out 
behind the core of a typical turbofan engine. Also heat 
pipes can be nade to be very reliable, a quality not usually 
associated with beat exchangers. 

The purpose of this report is to investigate heat pipe 
regenerators for a turbofan engine and coapare its 
perforaance to that of a reference turbofan. In aost past 
studies, the conclusions were weaheoed by the lack of actual 
installed engine data. The studies were usually done 
paraaetrically, and regardless of how good or bad the 
answers turned out, it was always indicated that an actual 
application would be necessary to deteraine the real 
potential. Since this lack of actual application seeaed to 
be the stuabling block, it was desided to apply the heat 
pipe regenerator to an advanced but realistic study engine. 
The engine chosen was the Pratt & Whitney 3TF 429 which was 
a proposed 1979 advanced technology engine. The STF 429, at 
the tiae the anailysis was perforaed for this study, (nearly 
two years ago) was forecast as a typical engine 1:or future 
coaaercial transports. Its cruise Nach nuaber of 0.98 and 
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other characteristics differ fros aore recent fuel- 
conservative-engine designs. However^ it is felt that the 
conclusions of this study are still valid. The results are 
being published at this tine in order to docusent an 
unsuccessful approach to a topic of great current interest. 

The regenerative engines studied had overall pressure 
ratios fron 6 to 12, turbine- rotor-inlet teaperatures from 
1460 to 1810K (2660 to 3260R) and the sane fan perforaance 
and bypass ratio as the reference engine. Infact, the fan 
design was assuaed to be unchanged froa the STP 424 . The 
only change in the low spool was in the turbine. In the 
regene) ative engines, the nunber of low pressure turbine 
stages varied froa the initial value of four on the STP 429. 
The regenerative engine selected for the detailed analysis 
had only three stages in the low turbine. The high pressure 
compressor was modified fron the 5TP 429 design to optimize 
the cycle using the heat exchanger. The final design used a 
single stage radial coapressor with a pressure ratio of 5 
instead of the aulti-stage axial one with a pressure ratio 
of 12.5. The heat exchangers in this study were added behind 
the low pressure turbine inorder to transfer waste heat 
directly froa the exhaust to the coapressor exit air. This 
preheats the compressor exit air before the combustor and 
thus, less fuel is needed to raise the air to the desired 
turbine-rotor-inlet teaperature. The heat exchanger 
effectiveness was fixed at 0.70 since that was a typical 
value as noted in reference 1 for advanced heat pipes. 
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STHBOLS 


A area 

Aa fin surface area available as deternined from the 
geoaetry of the problea 

Ar fin surface area required to transfer the beat 

A1 air sxde frontal area of the heat exchanger 

A2 gas side frontal area of the heat exchanger 

cp specific heat at constant pressure 

CPB coapressor pressure ratio 

FFB fan pressure ratio 

h heat transfer coefficient 

k theraal conductivity 

K degrees Kelvin 

L length of heat exchanger 

a Bass flow 

HN Hach nuaber 

Nu Nusselt nuaber 

OPR overall pressure ratio 

P total pressure 

Pr Prandtl nuaber 

^P/P change in pressure/reference pressure 
Q1 total heat actually transfered into the air 
U2 total heat reaoved frost the heat pipe 
R degrees Rankine 

R1 radius of outer shell of heat exchanger 

R2 radius of shell that separates air and gas flow 

Ra gas constant for air 

Re Reynolds nuaber 

SPC specific fuel consuaption 

t fin spacing at radius R2 

T total teaperature 

TOGW takeoff gross weight 

V velocity 

4 effectiveness of heat exchanger 

i Al/(AUA2) 

f density 

y«* viscosity 


Subscripts 


3 

conditions 

at 

air 

3x 

conditions 

at 

air 

4 

conditions 

at 

the 

55 

conditions 

at 

the 

55x 

conditions 

at 

the 


side of heat exchanger entrance 
side of heat exchanger exit 
turbine- rotor-inlet 
gas side heat exchanger entrance 
gas side heat exchanger exit 
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HSTHOO OP itIALTSIS 


Before the heat exchanger could be designed, it was 
necessarf to deteraine the proper cycle paraneters. The 
Oeneng coaputer prograa used to aake the cycle calculations, 
reference 6, was aodified to do siaple design point heat 
exchanger probleas. Proa prewious studies such as 
reference 5, It was known that the optlaua overall pressure 
ratio (OPS) was between 8 and 12. Over this range of OPR, 
the specific fuel consuaption (SPC) was fairly constant for 
an effectiveness {£) of 0.85, However, thrust was highly 
dependent on turbine-rotor-inlet teaberature (T4) . 
Therefore, a range of T4's were exaained froa 1480 to 1810K 
(2660 to 3260S) along with a range of OPR's froa 6 to 12. 
Proa reference 1 it was known that a typical g for advanced 
heat pipe design was 0.70. So that was the value used in the 
preliainary cycle calculations. This is no reason that the4 
could not be greater than 0.70. However, the nature of the 
results were such that higher levels of 4 would have aade 
the weight of the heat exchanger even worse while 
contributing better but non-offsetting iaproveaents in SPC, 

Table 1 lists the cycle and heat exchanger paraneters 
used in the initial calculations. The baseline engine is the 
STP-429, Bach of the other four colunns in the table are 
dist’ guished by increasing T4 at the rate of 110K (200 R) 
per w-olunn. At each T4 level, coapressor pressure ratio 
(CPR) was varied fron 1 to 6. This provided the range of 
OPR's fron 6 to 12 since the fan pressure ratio (PPR) was 
fixed at 2.0. 

Since the turbine cooling air would now be at a lower 
tenperature than in the reference engine, a schedule of 
turbine cooling bleed was used. It was based on the full 
filn coverage nethod used in reference 7. The cooling for 
the reference engine was corrected to the sane basis. The 
heat exchanger pressure losses were initially assuned to be 
3 percent on the air side and the sane on the gas side. This 
is consistent with reference 1 also. 


Engine and Heat Exchanger Layout 


Pros past studies it was obvious that a specific 
application bad to be attenpted in order to obtain an 
evaluation of the tradeoff between regenerative turbofans 
and nornal turbofans. Height has also been a very big 
obstacle for regenerators in the past as well as siaplicity 
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anil service life. It was decided that, to have any chance of 
success, the sieplest radial heat pipe design would have to 
be used. This selection was based on the results of 
reference 1 where C. C, SilversteLn exaained several 
different configurations and detersined that the radial one 
was best. Counter flow was a necessity as was innovative 
changes within the core of the engine. Every attespt had to 
be nade to save weight and lisit the heat exchanger size. 

The reference and regenerative turbofans are shown in 
figure 1. While these flow paths are labled sketches, they 
are nearly to the saae scale. The sain effort on the 

regenerative turbofan was directed toward repackaging the 
core to save as ouch weight and space as possible. The 
outside lines of the engine were forced to reaain 
essentially unchanged. Thus, the drag and interference 
changes should be nil. The basic core of the engine was 
shortened by about 1.2n (4 ft.). This was accooplished by 
resoving the 10 stage conpressor (CPSai2.5) and replacing it 
with a single stage radial conpressor (CPR = 5) . The radial 
conpressor was desired since the air flow had to be turned 
90 degrees anyway and taken to the core perimeter for 

ducting to the rear of the engine. The lower CPR allowed the 
high pressure turbine to be reduced to one stage. The gas 
properties entering the low pressure turbine allowed that 
turbine to be reduced to three stages. To shorten the engine 
further and provide a good flow path, the conbustor was 
reversed and placed around the turbine case. 

The weight breakdown by conpononts indicates that 
removal of the conpressor, two turbine stages, and the 
general shortening of the engine would result in a 542kg 
(1200 pound) reduction in weight. This is a 17 percent bare 

weight reduction. It was assuned that the heat exchanger 

would fit radially within the bounds deternined by the 
physical dianeter ot the low pressure turbine exit case. 
Hhat renained to be deternined was the actual weight and 
losses due to the heat exchanger and the weight of the 
radial conpressor. 


Example of Heat Exchanger Calculations 


To see if any reasonable results could be obtained, a 
very staple and idealistic heat exchanger was envisioned. 
It would have radial heat pipes, be 1.2n (4 ft.) long and 
have a naxiua radius of 0.66n (26 in.). Thus it would just 
fill the space saved by the changes to the cycle. If the 
heat exchanger could be kept within these physical Units, 
it would not appreciably change the outer size or drag of 
the nacelle. Hhat renained to be found was the weight and 
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performance of the heat exchanger. 

The air side was exaained first. The variables were the 
fin spacing, t, and the frontal paraaeter f . Proa 
figure 2 , t is seen to be the distance between the heat 
pipes at radius B2. This radius defines the position of the 
shell which separates the air and gas streams. The ratio of 
the frontal area in the cold side to the total area defined 
by the maxinuii radius of 0.66m is called / . Thus 

f=Al/(AUA2) H) 


Initally the heat pipes were assumed to act as perfect 
fins without any internal losses and to be so thin that they 
didn't take up any of the frontal area needed for the flow. 
If reasonablp; solutions were found with these assumptions, 
then thr problen could he investigated further. 

Table TI lists the total temperatures, pressures and 
some relationships for Mach number and velocity for the 
selected cycle at cruise. The selected cycle had an Oop of 
10 and a T4 of IblOK (3260B). All of the important design 
point parameters for this cycle are listed in table II. The 
velocity relations were obtained from the conservation of 
mass eguation. 


m= f.A .V=p . A -V/(Ra* T) (2) 

Solving for the velocity V, 

V=m.Ra -T/ (P. A) (3) 

Total conditions are used since the Mach numbers are low. 
The area for the cold flow (air) is, 

A1*/*^.(R1)* (4) 

Taking the three cases as shown in table III, the heat that 
must be transfered is, 

Q1*m3x.cp*^T (5) 

were 4 T is the change in temperature of the air from station 
3 to 3x. 

Air side heat trai^sfer for case 1 ; Assume that the 
temperature of the heat pipe is half way between the 
temperature of the air and gas at each end of the exchanger. 
Assume also that the temperature of the air film around the 
heat pipe is half way between the temperature of the heat 

pipe and the air. Then the film temperature (Tf) is, 

Tfl = TSSx-T J/4 ♦Tl Tf 3x^T5S-T3x/4 ♦TlX (6) 
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The density (f) of the fils is calculated fros the qas law 
using total conditions since the Hach nuabers are low. 

t3»P3/(Fa*Tf3) f 3a*P3x/ (Ra *Tf (7) 

The Prandtl nuabecs can be found to be, 

Pc3»0.6a8 Pr3x=0.709 

The Reynolds nuaber, using t as thi characteristic 
diaenslon, are 

Re3*f3 • V3*t^3 Re3x*^3i* V3x •t4K3r (rt) 

Proa Chapaan, reference 8, equation 8.19, the Nusselt nuaber 
is, 

av «a 

Mu»htA * 0.023 (Re) . (Pr) (9) 

This can be solved for the heat transfer coefficient, h 

ai 

h*k (0.023) (Be) . (Pr) /t (10) 


Therefore, 

*•1 (ka 

h3s (constant)>t h3x« (constant)»t (11) 

Using the log aean relationship as a first estiaate. 


Q2 = At ( fh3x)-4T3x-(b3).4r 3) / (In ( (h 3x)UT3x/(h 3)*4T3) ) (12) 


where Ar is the surface area required and where the4T's are 
the difference between the teaperature of the heat pipe and 
the air streaa. Substituting the values of h just calculated 
and setting the results equal to the value of Q1 froa 
equation 5, 

u 

Q2=Ar*(t) . constant*Q1 (13) 


Solving for area required (Ar) in case *1, 
Ar=constant/t 


(19) 


Air side heat transfer for cases 2 and 3 : For casos 2 

and 3, the only difference is f3 and V3x. These values show 
up in the Re and therefore, in the Mu and h to the 0.8 
power. Reworking the problea leads to. 


A 


0.x 

r«constant/t 


for case 2 


(15) 


Ar«constan t/t 




for case 3 


(16) 


For three values of t and three values 
required areas are shown in table Xf. 


off, the nine 
Assuaing the 
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cross-sectional aroa Df the flow to be square instead of 
circular allows the available surface area (Aa) of the fins 
to be calculated lore easily* The square sust have sides of 
length Lx whore* 

Lx«(fl*.(R1) ) (17) 

2 

since the naxisun circular area was also^(R1) , Fach fin 
has a height of fiR(Pl)*)** and a length of 1.2s. The nuaber 
of fins is )**/t and there are two sides to each fin. 

Therefore, 

Aa32*/Kheight)>(length}.( nusber of fins) (IP) 


or 

Aa=2-#*LX*^(R1)*/t (10) 

For the values of t and / selected in this study, table 
V shows the values of Aa, the available area* 


RESULTS ANn DISCnSSlOH 


Cycle Results 


The results of the cycle analysis are plotted in 
figure 3. It is rather obvious f ros pact (a) of the figure 
that only saall gains in SFC can be expected at an of 

0,70. Increasing OPR beyond 12 doesn't sake auch sense 
because the additional gains are saall, (It was desired to 
restrict the CPR to 5 i? possiblu so a one stage centrifugal 
compressor could bo used*) For reasons of heat exchanger 
sice, the high levels of T4 were best. Thus, the engine 
selected for the heat exchanger design was one with a OPR of 
10 and a TU of IflIOK (3260R). If the design objectives of 
#=0.70 and total pressure loss through the exchanger of 
percent could be achieved, this engine would have an 
uninstalled cruise thrust ot aObOOM (91(t2poonds) and an SPC 
of 0.07H Ikg/hr/N (0.771 hr'^ ). This would be an isprovesent 
of 4 percent in thrust and 1.3 percent in SFC cospared to 
the retoronce turbofan engine. 

Norsally this would not create such excitesent because 
in a paraaetric study, the inputs are often not known any 
■ore accurately than 3 percent, however, working with a 
specific study engine isproves the accuracy of the delta's 
in weight and drag. Also, the extra thrust sight allow the 
engine to be scaled down in size and weight thus saving sore 
fuel than the 1,3 f>HCct*nt in SFC sight at first indicate. 
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The t-akeoff data shown for this engine selectlan in 
part (b) of figure 3, reveals a 1 percent inprovenent in 
thrust and a 3 percent inprovesent in 3PC. Since it was 
decided thdt the heat exchanger would be sited at. cruise, 
takeoff is an off-design point. Because off*design heat 
exchanger estimates were not warranted at this tine, part 
(b) is only an estimate. In real life the regenerator 
probably would not perform as well at takeoff as at cruise. 
This would lead to higher SPC*s and possibly higher levels 
of thrust If the pressure drops did not get too large. It 
was decided that this could be calculated at a later time if 
desirable. 


Geometry of the Heat Exchanger 


The results shown in tables IV and V are plotted in 
figure 4, A guick look at this figure will show that no 
common solution exists between area required and area 
available over the range of € and t examined. Even when the 
entire area (/-1.0) is used to pass just the a'rflow. Aa and 
Ar are an order of m:iqnituJe apart if t»0.0t64m '.1/4 in). 
Larger values of t make the difference between Aa and Ar 
even more pronounced. Thus, small values of t sees 

desirable. However, if the actual width of the heat pipes is 
taken into accoun'., this could easily block the entire flow 
area. Of course, only the air side heat transfer has been 
considered. The gas sid*» will cause even larger problems for 
packaging sinc».< the density is lover. The heat pipe experts 
at Lewis Res jarch Center suggested that the heat pipes 
should be made of stainless cteel with 0.076cm (0.030 in) 

thick walls for long life. If the entire area was filled 
with heat vane.s 0.64cm wide (1/4 in) made of 0.0118cm thick 
stainless steel, the weight would be 3170kg (7000 lbs.). 
This is more than the weight saved by rearranging and 

redesigning the engine. To this weight, of course, must be 
added the weight of the ducting and the single stage high 
compressor. Thus, within the size constraints ar;sumed in 
this study, the additional weight of tae heat exchanger 
alono would more than off set the eeager SPC gains. This is 
easilv demonstrated for any reasonable sensitivity of fuel 
or takeoff gross weight (TOGM) to changes in SFC and weight. 
This is not to say that Aa could not have been eade larger. 
In fact, by just extending the length of the heat exchanger, 
Aa could be made equal to Ar. However, this would just make 

the weight picture look even worse. Using Titainue would 

reduce the weight by almost a factor of two, but this would 
still not be enough of a weight reduction. 

The pressure drop is a function of velocity sguared. 
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The velocity is a tunction of the flow area available to 
pass the required tass of air or gas. Since the weight and 
size of the regenerator are so obviously out of step with 
the desired values, a detailed design vas not carried out in 
this study. However, if the required flow area could be 
achieved so the velocity could be kept low, there is no 
reason that the pressure drops desired could not be 
achieved. On the air side, the velocity would have to he 
between 45 and 61 s/sec (150 to 200 ft/sec). On the gas 
side, the velocity could be sosewhat greater since the 
density is lower. 

It seeas clear froa this analysis that to sake this 
type of heat exchanger work on this engine would require a 
very large package. Thi i seeas to be verifiec by a closer 
exaaination of reference 4. In reference 4 the heat pipes 
used were nuch advanced in weight and construction features 
compared to those the Lewis experts would expect to nee put 
to use in a real application such as this one. Yet in 

reference 4, the conclusion was that the heat exchanger 
would weigh sore than a conventional heat exchanger. It was 
also found in reference 4 that a heat exchanger frontal area 

of 0.55 s*( 6 ft*) was needed to pass 2.2kq (5 lbs) of flow 

with reasonable losses and performance. In contrast, the 
enoine studied here tried to force 33 kg (74 lbs) of flow 

through 1,37a* {14,75* ft*). It just can not be done 

reasonably. Th^s engine would probably need about 9.29n 

(100 ft*) of frontal area In the heat exchanger to pass the 

flow properly. This would require a radius of I.Ba 

(5.6 ft). This Beans the engine diaaeter in the area of the 
turbine exhaust would be 2.5 times larger than it is now 
even before the fan duct flow requirements are even 

considered. The weight and drag penalties of such a system 
would more than offset the aeager SFC gains shown in this 
study. Also, heat pipes of this length are impractical. 
Therefore, the heat pipes would have to be oriented in a 
different way or the flow could be split so two or more heat 
exchangers were operating in parallel. 


CONCLODISG REJ1ABKS 


A preliminary evaluation was made of 
turbofan engine using heat pipes for the 
The heat pipes used sodium for the working 


effectiveness 
typical value 
analysis of 
applicat ion. 
from 1490 to 
from 6 to 12, 


of the heat exchanger was 
estimated by C. Silver stein 
advanced heat pipes for 
Turbine*' rotor~inle t tempera t 
1910 K and overall pressure 
The heat exchanger pressure 


a regenerative 
heat exchanger, 
fluid and the 
fixed at 0.70, a 
in a detailed 
this type of 
ure was varied 
ratio was varied 
loss was assumed 
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to be 3 percent cn the cold side and another 3 percent on 
the hot side. A total of 16 engines were coapared against a 
reference turbofan engine with an overall pressure ratio of 
25 and a turbine rotor-inlet teaperature of 1480 K. The 
bypass ratio of all the engines was held at 4,5 and the fan 
pressure ratio was fixed at 2.0, as in the reference engine. 

Of t 4 ie 16 regenerative cycles considered, one was 
selected for a design point study. This cycle had a 
turbine- rotor- i slet teaperature of 1810 K and an overalll 
pressure ratio of 10. It had a 3. 3 percent better specific 
fuel consunption than the reference turbofan (uninstalled) 
at a cruise condition of Nach 0,98 and 11.6 kn. 

In the actual calculations for the heat exchanger, the 
assumptions were highly idealized in order to deteraine if 
any fuel savings were possible when the size and weight of 
the heat exchanger was included. The heat pipes were 
assuncd to be stainless steel fins with a wall thickness of 
0.076 cm (0.03 in). The heat transfer calculations were 
done on the air side first to see if that part of the heat 
exchanger could be made to fit behind the low-pressure 
turbine. 

From the air side calculations it was found that no*’ 
enough frontal area was available to pass the airflow 
desired at the desired flow conditions. The fin surface 
area required was much greater than the available fin 
surface area. This situation could have been resolved by 
making the heat exchanger much longer, but the weight of the 
heat exchanger was already excessive. The gas side heat 
exchanger calculations were not completed as a result of 
this finding. 

The most significant input to this study would seem to 
be the heat pipe weight. The pipes were assumed to be made 
of stainless steel with walls 0,076cm thick. This input is a 
direct result of the Lewis Research Centers heat pipe 
experts. They felt that this type and ♦•hickness of material 
was needed to insure long, trouble fiee life. Authors such 
as C. C. Silverstein in ref, 1, suggest the use of heat 
pipes with wall thicknesses of from 0.0076 to 0,0152cm. Such 
wall thicknesses would reduce the weight of the heat pipes 
by a factor of 5 to 10. Combining this with the use of 
Titanium would reduce the weight even further. It would seem 
that these types ct breakthroughs will be necessary if heat 
pipes are to come close to competing with other types of 
heat exchangers. Other advances proposed in ref, 1 include 
the use of two-zone capillary wicks in the pipes and working 
fluids such as cesium and potassium. 

On the negative side, ref. 1 points out that the cost 
of the heat pipes could be excessive. In ref. 1 the heat 
pipe cost ranged from/0.70 to#1.4C per pipe for production 
rates of 10 million per year. Today, the cost of much 
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sinpl^c heat pipes in stall quantity is tore Like ^ 70.00. 

It is the conclusion of this study that the size. 
Height and cost of this type heat exchanger lake it 
iapractical for large turbofan engines at this tine. If 
weight and size are of secondary iaportance, or if heat pipe 
weight and cost technology is significantly inproved, this 
type heat exchanger could possibly serve very satisfactorily 
in soae applications due to the high reliability associated 
with heat pipes. Applications such as ground power plants, 
ships, trains, and naybe even trucks, buses, and cars night 
prove nuch sore acceptable than large turbofan engines. 
Heat pipe heat exchangers night be used in flight 
applications such as saall helicopters where the bulge could 
be easily hidden. Another less probable application night 
be small turboprop engines. If the engine airflow is snail 
and the cruise speed is noderate, the shortcoaings of weight 
and drag night be overcome by the improved fuel consumption. 
The cost of the heat pipes is a significant problem that 
would need serious consideration before any attempt to use 
then in great quantity could be considered. 
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T&BLE II.* CRUISE DESIGR POINT DftTk 


gas 



Ait fcot th« cotpcassoc 


HMt eichangec scheiatic 
vith statloa Duibecs 


Units 



SI 

English 

T3, K, (B) 

550 

(989) 

P3, std. atsosph«c«s 

3.73 

3.73 

a3>i3x, Aq/sec, (Ib/sec) 

33.6 

(74.3) 

V3, m/aec, (ft/sec) 

16. 22/A3 

(573/A 3) 

nach nunber 3 

1.975 10 V3 

(6.48 10 V3) 

T3x,K, (B) 

1038 

(1868) 

P3i, std. atmospheres 

3.62 

3.62 

T3», a/sec, (ft/sec) 

30.64/A3S 

(1082/A3X) 

nach nuaber 3x, 

1.30 10 »3x 

(4.72 10 V3x) 

T55, K,(R) 

12«8 

(2243) 

P55, std^ atiospheres 

0.634 

0.634 

aS5«a55x, Aq/sec, (Ib/sec) 

39.5 

(87.2) 

T55l, K, (R) 

863 

(1555) 

PSSi, std. ataospbeces 

0.615 

0.615 

Turbine cooling floe, Ag/sec, (Ib/sec) 

5.02 

(11. 1) 
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TAaLB tXI.> THBES CASES 


c»« 

~ 

A1,a , Ut ) 

V3 , B/8«C , (f t/S4S ) 

RN3 

V3s,8/sar, (ft/s«c) 

R!I3k 


m 

.136, (1.47) 

106, (348) 

0.22 

200, (657) 

0.31 

B 

9 

.685, (7. 37) 

20.7, (68) 

0.04 

39.9, (131) 

0.062 

B 

^^9 

1.37, (14.75) 

10.4, (36) 

o 

• 

o 

19.8, (65) 

0.031) 


• Lilit 


TABLE IV.- A8EA BBQOISED, Ar. ■ , (ft ) 


t,i, (In) 

6.4 , 

(ft ) 

Cas«-1. *0.1 


Ca »#- 3 , *1.0 

0.0064, (.25) 

. 363, 

(.416) 

706, (7600) 

2573, (27700) 

4552. (49000) 

0.152, (6.0) 

.686, 

(.8T> 

375,(4030) 

1360,(14650) 

2406, (2590P) 

0, 305, (12) 

.768, 

(1.0) 

325, (3500) 

1184, (12750) 

2090. (22500) 


TABLE T.- AREA AVAILABLE, A«. m , (ft) 


t.4. (In) , (ft) 

Casn- 1. *0. 1 


*1.0 

.0064, (.25), (.0203) 

52.6, (566) 

26 3. (2830) 

525, (5650) 

. 152, (6) , (0.5) 

2.19.(23.6) 

11.0,(118) 

21.9, (236) 

.3048,(12), (1) 

• 

o 

• 

CD 

5.48,(59) 

11.0, (118) 
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